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A new polyoxometalate of earth adundant elements [{Co4(m-OH)(H2O)3}(Si2W19O70)]11- has been
synthesized, characterized and shown to be a water oxidation catalyst. The initial catalytic complex is
unstable and slowly undergoes hydrolysis. The hydrolysis products have been isolated and
characterized, and their catalytic water oxidation activity is assessed.
Introduction
Development of a stable and efficient water oxidation catalyst
(WOC) is a central challenge in thermal and photochemical energy
technologies requiring the use of water as a source of electrons.1,2
As a result, many new homogeneous3–19 and heterogeneous20–30
WOCs have been reported recently. Various defect polyoxomet-
alates (POMs) are attractive as ligands for WOCs because they
can strongly bind multiple transition metal centers proximal to
one another, a helpful attribute for facilitating multi-electron
processes, including the 4-electron oxidation of H2O to O2. At
the same time, POMs are oxidatively, hydrolytically (over various
pH ranges) and thermally stable.31–38 Recently and simultaneously
our group39–42 and that of Bonchio43–46 reported the synthesis of
[RuIV4O4(OH)2(OH2)4(g-SiW10O36)2]12- (Ru4) by different methods
and demonstrated the ability of this POM to catalyze water
oxidation by [Ru(bpy)3]3+ buffered at pH 7 (our group39–42) or by
Ce(IV) at very acidic pH values (Sartorel et al.43–46). Subsequently
multiple oxidation states of Ru4 were thoroughly characterized
and the Ru(V)4 oxidation state of Ru4 was identified as the one
that releases O2.42 Later, the analogous phosphorous-centered
POM, Cs10[(g-PW10O36)2RuIV4O6(OH2)4]·17H2O was synthesized
and also shown to be a water oxidation catalyst.47 Most recently,
we reported that the carbon-free complex [Co4(H2O)2(PW9O34)2]10-
(1), based on earth abundant elements (Co, W, and P), is a stable
and efficient water oxidation catalyst.48 We reasoned that a Si-
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centered analogue of 1, might be an even more active WOC.
However, we repeatedly failed to isolate this complex using a
procedure described by Zhang et al.49 Instead, we obtained an
unknown complex, [{Co4(m-OH)(H2O)3}(Si2W19O70)]11- (2). Here,
we report the structural, magnetic, catalytic water oxidation
activity, and hydrolytic properties of 2.
Experimental
Materials and methods
Na10[a-SiW9O34]·18H2O was prepared by the literature procedure.
The purity was checked by IR spectroscopy.50 All reagents
used were commercially available and were used as received.
Elemental analyses for K, Na, Co, Si and W were performed
by Galbraith Laboratories (Knoxville, Tennessee). IR spectra (2%
sample in KBr pellet) were recorded on a NicoletTM 6700 FT-IR
spectrometer. The electronic absorption spectra were taken on an
Agilent 8453 UV-vis spectrometer. The thermogravimetric data
were collected on an ISI TGA 1000 instrument. Electrochemical
data were obtained at room temperature using a BAS CV-50W
electrochemical analyzer equipped with a glassy-carbon working
electrode, a Pt-wire auxiliary electrode, and a Ag/AgCl (3 M
NaCl) BAS reference electrode. All oxidation potentials are re-
ported relative to this reference electrode. Temperature-dependent
magnetic susceptibility measurements of potassium, sodium salt
of 2, K10.2Na0.8-2 were performed on polycrystalline samples using
a Quantum Design MPMS-XL5 SQUID magnetometer (2–290
K, 0.1 Tesla) and cylindrical PTFE sample holders. Susceptibility
data were corrected for diamagnetic contributions (cdia(K10.2Na0.8-
2) = -747.2 ¥ 10-6 cm3 mol-1). Comprehensive descriptions of
computational details in the magnetochemical analysis of the
Co(II)-based systems have been published.51,52
Synthesis
K10.2Na0.8[{Co4(l-OH)(H2O)3}(Si2W19O70)]·31H2O (K10.2Na0.8-
2). Na10[a-SiW9O34]·18H2O (0.8 g, 0.3 mmol) was dissolved in
2084 | Dalton Trans., 2012, 41, 2084–2090 This journal is © The Royal Society of Chemistry 2012
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15 mL of water. The pH was adjusted to 6.8 by 1 M HCl, then,
190 mg (0.8 mmol) of CoCl2·6H2O were added. The pH dropped
to ~5. This solutionwas heated to 80 ◦C for 1 h. Some precipitation
became visible. After cooling the solution to room temperature,
the pH was ~6.5. Subsequently the pH was adjusted to 5.8 by
0.5 M HCl. Addition of 2 mL of saturated aqueous KCl solution
to the suspension and stirring for 10 min produced a precipitate
which was filtered. Red block crystals were collected from the
reaction solution after 24 h. Yield: 18% based on W. IR (KBr,
n/cm-1): 992 (m), 946 (m), 888 (s), 786 (s), 703 (s), 668 (sh), 600
(m), 536 (sh), 523(m). Elemental analysis calculated (found) for
K10.2Na0.8[{Co4(m-OH)(H2O)3}(Si2W19O70)]·31H2O:K: 6.70 (6.60);
Na: 0.309 (0.296); Co: 3.96 (3.76); Si: 0.944 (0.938); W: 58.7
(58.4) %.
K10Na[{Co(H2O)}(l-H2O)2K{Co(H2O)4}(Si2W18O66)]·25 H2O
(K10Na-3). K10.2Na0.8-2 (150 mg) was dissolved in 4 mL of water.
Then, 1 mL of 1 M KOAc/HOAc buffer (pH 4.8) and 2 mL of 1
M NaOAc/HOAc buffer (pH 4.8) were added. Slow evaporation
at room temperature results in crystals after one week. The
geometrical structure of the polyanion in K10Na-3 is virtually
identical to that of 1Co2-K(A) in ref. 54. The structure of the
polyanion is depicted in Figure S1.† IR (KBr, n/cm-1): 997 (m),
942 (m), 884 (s), 863 (m), 803 (m), 730 (s), 651 (m), 547 (w), 525 (w).
Elemental analysis calculated (found): K: 7.55 (7.56); Na: 0.404
(0.653); Co: 2.07 (2.19); Si: 0.986 (0.901); W: 58.1 (57.6) %.
X-Ray crystallography
Single crystals suitable for X-ray structure analysis were each
coated with Paratone-N oil, suspended on a small fiber loop and
placed in a cooled nitrogen gas stream at 173 K on a Bruker
D8 APEX II CCD sealed tube diffractometer with graphite
monochromator Mo-Ka (l = 0.71073 A˚) radiation. Data were
measured using a combination of j and w scans with 10 s
frame exposure and 0.3◦ frame widths. Data collection, indexing
and initial cell refinements were all carried out using SMART.53
Frame integration and final cell refinements were done using
SAINT.54 The molecular structure of each complex was deter-
mined using direct methods and Fourier techniques, and refined
by the standard full-matrix least-squares procedure. A multiple
absorption correction, including face indexing, was applied using
the program SADABS.55 The largest residual electron density for
each structure was located close to (less than 1.0 A˚ from) the W
atoms andwasmost likely due to imperfect absorption corrections
frequently encountered in heavy-metal atom structures. Scattering
factors and anomalous dispersion corrections are taken from the
InternationalTables forX-rayCrystallography. Structure solution,
refinement, graphic and generation of publication materials were
performed by using SHELXTL, v 6.14 software.56 The crystal data
and structure refinement parameters are summarized in Table 1.
Catalytic experiments
Water oxidation was performed in a 10 mL Schlenk flask. The
vessel was filled with 8 mL of a solution containing 1.0 mM
[Ru(bpy)3]Cl2, 5 mM Na2S2O8, 25 mM buffer solution and the
desired concentration of catalyst. The solution was carefully
deairated by bubbling argon. The reaction was initiated by
exposing the reaction vessel to the light (Xe lamp filtered with a
420–520 nm band-pass filter). After the desired illumination time,
the reactionwas temporarily stopped by blocking the light, and the
Table 1 Crystal data and structural refinement for the X-ray structure analyses of K10.2Na0.8-2 and K10Na-3
K10.2Na0.8-2 K10Na-3
Molecular formula Co4 H69K10.2 Na0.8 O105 Si2 W19 Co2 H64K10 Na O98 Si2 W18
Formula wt./g mol-1 5951.54 5529.58
T/K 173(2) 173(2)
Radiation (l)/A˚ 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P1¯ P1¯
a/A˚ 13.049(7) 14.632(4)
b/A˚ 17.315 (9) 18.179 (4)
c/A˚ 22.642(12) 18.284(4)
a (◦) 67.540(8) 65.974(3)
b (◦) 74.221(8) 79.207(4)
g (◦) 84.294 (8) 86.471 (4)
V/A˚3 4550(4) 4362.8(18)
Z 2 2
rc/g cm-3 4.111 3.987
m/mm-1 25.223 24.607
F(000) 4918 4570
Crystal size/mm 0.44 ¥ 0.35 ¥ 0.31 0.29 ¥ 0.19 ¥ 0.16
Reflections collected 73185 74967
Independent reflections 20048 20765
Absorption correction Multi-scan Integration
Refinement method Full-matrix least-squares on F 2 Full-matrix least-squares on F 2
Goodness-of-fit on |F|2 1.053 1.026
Final R indices
[R > 2s(I)] R1a = 0.0554, wR2b = 0.1910 R1a = 0.0449, wR2b = 0.1125
R indices (all data) R1a = 0.0667, wR2b = 0.2050 R1a = 0.0581, wR2b = 0.1204
Largest diff. peak and hole/e A˚-3 3.555 and -8.785 7.293 and -6.896
a R1 = R‖F 0| - |F c‖/R|F 0|; b wR2 = R [w(F 02 - F c2)2]/R [w(F 02)2]1/2.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 2084–2090 | 2085
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flask was vigorously shaken to allow equilibration of O2 between
the solution and the head-space. Analysis of the headspace gas was
performed by withdrawing a 0.1 mL sample from the headspace
and using a gas chromatograph Agilent 7890A equipped with
thermal conductivity detector and a GC capillary column with
5 A˚ molecular sieves to separate O2 and N2. Argon was used as
the carrier gas. The reaction was complete after consumption of
Na2S2O8. The amount of N2 detected allowed the correction for
the air leaking in the reaction vessel. The detection limit for O2
was 0.02 mmol.
Results and discussion
Description of crystal structures
K10.2Na0.8[{Co4(l-OH)(H2O)3}(Si2W19O70)]·31H2O (K10.2Na0.8-
2). The symmetry of the complex is C1 and the Co1 and
W8 moieties are disordered, resulting in two possible polyanion
structures (2a and 2b) shown in Fig. 1. The best refinement was
obtained with occupation factors of 1/2 for each polyanion. Bond
valence sum calculations reveal that the three terminal oxygens
associated with the Co4 cluster are all diprotonated; the only m-
oxooxygen ismonoprotonated.The connectionmotif of the cobalt
atoms (Fig. 1c and 1d) is rarely seen in polyanion chemistry. This
polyanion exhibits an asymmetric dimeric structure, composed of
[A-a-SiW9O34]10- and [a-SiW10O37]10- units, which are linked by a
Co4 cluster. The central Co4 cluster contains three octahedrally co-
ordinated Co2+ ions and one tetragonal pyramidally coordinated
Co2+ ion. TheCo2O6 andCo4O6 units (octahedral Co centres) and
the Co3O5 unit (a tetragonal pyramid which is weakly bonded to
O27W) located at the trivacant sites of [A-a-SiW9O34]10- are used to
complete the a-Keggin structure [a-SiCo3W9O40]16-. At the same
time, Co2O6 and Co1O6 units (or Co1AO6) replace two corner-
sharing WO6 octahedra from [a-SiW12O40]4-, resulting in the well-
defined a-Keggin structure [a-SiCo2W10O40]12-. The crucial factor
Fig. 1 The two isomers of [{Co4(m-OH)(H2O)3}(Si2W19O70)]11- (2a and
2b) coexisting in a 1 : 1 ratio in the single-crystal structure of K10.2Na0.8-2.
The cobalt centers (purple) are shown in ball-and-stick notation, the
polyoxometalate framework in polyhedral notation (WO6 octahedra: blue,
SiO4 tetrahedra: yellow). Hydrogen atoms are omitted for clarity. Lower
panels (c) and (d) show the m-oxo connection motifs of the cobalt sites in
2a and 2b, respectively.
in the synthesis of K10.2Na0.8-2 is the use of high concentrations
of potassium ions for crystallization. If insufficient potassium
chloride is added, no red crystals can be obtained.
Magnetic properties of [{CoII4(l-OH)(H2O)3}(Si2W19O70)]11-, 2.
In order to probe whether an equal mixture of the two possible
structural scenarios involving the W8/Co1 distribution (Fig. 1),
2a and 2b, are commensurate with observable magnetic char-
acteristics, low-field susceptibility measurements (2–290 K, 0.1
and 1.0 Tesla) were performed and analyzed. Our computational
framework CONDON, recently expanded to model polynuclear
Co(II) clusters,57 was used to simulate the two scenarios of a Co(II)
spin tetrahedron with one (2b, Fig. 1d) or two (2a, Fig. 1c) missing
edges between the basal {Co3} triangle and the apex, defined as
either Co4 (2a) or Co1 (2b). In both cases, we assume uniform
exchange coupling J1 within the triangular {Co3} base, primarily
mediated by three m2-O bridges (2a) or by a single m3-O center
(2b). The exchange energy J2 between the triangle and the outer
(“apical”) Co site is also due to m-O-mediated coupling (2a: O37;
2b: O39,O41).
Generally, significant orbital contributions and the resulting
strong magnetic anisotropy complicate the analysis of Co(II)
species with octahedral ligand fields (4T1), and the canonical
models are only applicable within narrow temperature limits.
Thus, modeling the two scenarios 2a and 2b was based on a spin
Hamiltonian accounting for not only exchange interactions and
Zeeman splitting, but also spin–orbit coupling and ligand field
effects. Ligand fields are approximated as cubic and uniform for
all four Co environments (to avoid overparametrization). Within
the constraints of this model, least-squares fitting to the 0.1 and
1.0 Tesla experimental data (Fig. 2) yields the following parameter
sets (SQ= 2.7%): For 2a, ferromagnetic intra-triangle coupling J1 =
+0.5 cm-1, and J2 = -1.91 cm-1; for 2b, J1 = +2.0 cm-1, and J2 =
-1.64 cm-1. These anti- and the ferromagnetic exchange energies
are in line with the Co–O–Co angles of the respective exchange
pathways. The ligand field parameters (in Wyborne notation) B40
amount to 30900 cm-1 (2a) and 24350 cm-1 (2b), common values
for slightly distorted CoO6 environments. The fitting procedure
employed fixed, standard values for the Racah parameter B = 825
cm-1 and a spin–orbit coupling constant z = 533 cm-1 for all Co(II)
sites.
Catalytic properties
To probe the catalytic activity of 2 towards water oxidation
at pH 5–9, we used [Ru(bpy)3]3+, generated in situ, as an
oxidant.39,41,42,47,48,58 It can be prepared either as solid material and
then used as a stoichiometric oxidant, or photogenerated from
[Ru(bpy)3]2+ (lmax = 454 nm, e = 1.4 ¥ 104 M-1 cm-1) in the presence
of S2O82- as a sacrificial electron acceptor, eqn (1).41,47,58
2 [Ru(bpy)3]2+ + S2O82- + hn → 2 [Ru(bpy)3]3+ + 2 SO42- (1)
This light-driven process is well studied,41 and proceeds via
quenching of the excited state [Ru(bpy)3]2+* by S2O82-, producing
[Ru(bpy)3]3+ and SO4∑-.59,60 The SO4∑- produces a second molecule
of [Ru(bpy)3]3+. Four equivalents of [Ru(bpy)3]3+ are required to
2086 | Dalton Trans., 2012, 41, 2084–2090 This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Temperature dependence of meff of K10.2Na0.8-2 (circles: experi-
mental data, graphs: best fits to Hamiltonian based on an equal ratio
of scenarios 2a and 2b, with exchange patterns defined as in top panel)
at 0.1 (blue) and 1.0 (red, < 100 K) Tesla. Inset: Binding modes of the
Co4O4 fragment in 2a betwixt adjacent tungstate and silicate groups.
The Co–O bonds forming the dominating magnetic exchange pathways
are highlighted in dark grey; remaining Co–O bonds completing the
Co coordination environments are shown in yellow. Exchange contacts:
dashed green (J1)/ red (J2) lines. W: blue, Si: grey, O: red, Co: purple
spheres.
oxidize two water molecules generating O2 and four protons (eqn
(2)):‡
2 S2O82- + 2 H2O + 2 hn → 4 SO42- + O2 + 4 H+ (2)
The exemplary kinetics of O2 formation in eqn (2) (expressed
in turnover numbers, TON = n(O2)/n(cat)) and the experimental
conditions are given in Fig. 3.
The O2 yield increases with pH and the TON approaches ~80
(Fig. 3). At present, the rate-limiting step of overall reaction in
eqn (2) is not established. Therefore only the initial apparent
turnover frequency, defined as TOFap = TON/time, is estimated,
and this value is ~0.1 s-1. The O2 yield based on S2O82-, eqn (2),
is around 24%. The reaction conditions were not optimized, and
only catalyst concentrations were varied. A decrease of catalyst
concentration results in a decrease of both TON and TOFap.
Stability of 2
The stability of the catalyst under turnover conditions was a key
point of interest. First, we evaluated the hydrolytic stability of 2.
In water, this complex has a very low absorbance in the range
450–700 nm. Therefore we measured the spectral changes of 2 at
relatively high concentrations (4–6mM) versus time at different pH
values. In plain water (natural pH ~ 8) we observed a noticeable
absorbance increase (ca. 7% after 12 h) in the range 470–550 nm,
prompting examination of the stability of 2 in 25 mM sodium
acetate (pH 4.8), phosphate (pH 7.2) and borate (pH 9.0) buffer
solutions. The initial changes in UV-Vis spectra in borate buffer
at pH 9.0 are shown in Fig. 4. A similar pattern was observed
‡At presentwe cannot rule out that in our systemwater is oxidized through
2-electron mechanisms with H2O2 formation as an unstable intermediate
en route to O2.
Fig. 3 Kinetics of catalytic light-induced O2 formation from water by
persulphate oxidation in different buffer solutions. Conditions: Xe lamp,
420–520 nm band-pass filter, 1.0 mM [Ru(bpy)3]Cl2, 5 mM Na2S2O8,
25 mM buffer, 10.0 mM 2, total solution volume 8 mL. Blue diamonds:
sodium phosphate buffer, pH 7.2; open purple circles: 1 : 1 mixture of
sodium phosphate and sodium borate buffers, pH 8; green triangles:
sodium borate buffer, pH 8; red squares: sodium borate buffer, pH 9.§
Fig. 4 Changes in UV-Vis spectra of 6.2 mM 2 in 25 mM sodium borate
buffer at pH 9.0. The insert is an increase of absorbance at 489 nm with
time.
in sodium acetate and phosphate buffered solutions. At pH 9.0
the increase in absorbance was ca. 3 times faster than at pH 4.8.
Longer aging leads to a notably different final spectrum (Fig. 5).
It takes about 40 days to complete the spectral evolution in water.
We attempted to crystallize the product compound directly from
the aged solutions by slow evaporation of water, but rather than
crystals only a pink powder was obtained. Therefore, we aged 2
in acetate buffer solution (pH 4.8) for about one week, and X-ray
quality crystals of the resulting K10Na-3 were obtained by slow
evaporation of water. After collection of the complex K10Na-3, the
solution was left to evaporate more water, and dark red crystals
of a salt of [Co(H2O)SiW11O39]6- (4)61 were obtained (the counter
cation(s) were not identified).
Based on literature studies,62,63 the [a-Si2W18O66]16- framework
in 3 is an intermediate between the monomer [A-a-SiW9O34]10-
and the hypothetical [a-Si2W18O62]8- Wells–Dawson anion. The
K+ ion in the central pocket plays a key role in the stabilizing 3 in
solution. It bridges the two half-anions and provides rigidity to the
metal-oxide framework. In 2, a {Co4} unit links [A-a-SiW9O34]10-
§ A short “induction” period in the kinetic curves is often observed and is
caused by a slow mass-transfer of O2 into a head-space.
This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 2084–2090 | 2087
D
ow
nl
oa
de
d 
by
 F
or
sc
hu
ng
sz
en
tru
m
 Ju
lic
h 
G
m
bh
 o
n 
08
/0
5/
20
13
 0
8:
06
:2
5.
 
Pu
bl
ish
ed
 o
n 
21
 D
ec
em
be
r 2
01
1 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C1
DT
112
11B
View Article Online
Fig. 5 Time profile of the electronic absorption spectra of 2 (5.7 mM) in
water after 0 h (A), 4.5 h (B), 22 h (C), 4 days (D), 10 days (E) and 40 days
(F). Conditions: l = 1 cm, 25 ◦C.
and [a-SiW10O37]10-, therefore the tungstosilicate framework in 2
could be an unstable intermediate on the way to production of the
monomer [A-a-SiW9O34]10- and an open Wells-Dawson unit, [a-
Si2W18O66]16-. Complex 3 is a quite kinetically stable compound,
but it further converts to the thermodynamically more stable
mono-substituted Keggin derivative, 4, after aging for 1 month
(Fig. 6). UV-vis spectra also indicate this stable compound is 4
(Fig. 7).
Fig. 6 Time profile of the electronic absorption spectra of 3 (4.7 mM) in
water after 0 day (A), 5 days (B), 23 days (C) and 30 days (D). Conditions:
l = 1 cm, 25 ◦C.
Fig. 7 UV-vis spectra of K10Na-3 (solid line) and 4 (dashed line).
We attempted to simulate the UV-vis spectrum of aged solution
of 2 (after 40 days) by combining UV-vis spectra of K10Na-3,
4, and Coaq2+ (as CoCl2). A reasonably good simulation was
achieved by combining the spectra of 4 and Coaq2+ with 1 : 5.5 ratio
(Fig. 8). The remaining difference might be assigned to the
Fig. 8 Simulation of the spectrum of aged solution of 2: [Co(H2O)6]2+ (as
CoCl2) (A), aged solution of 2 after 40 days (B) and simulation (C).
presence of small amounts ofK10Na-3 and other unidentified com-
pounds. Thus K10Na-3 is thermodynamically unstable and is con-
sequently absent in the 40-day aged solution. As a consequence,
at least three compounds form during aging of aqueous solutions
of 2.
As a result, the most likely decomposition of 2 can be roughly
described by the following equations (pKa of [Co(H2O)]2+ is
around 10):64,65
[{Co4(m-OH)(H2O)3}(Si2W19O70)]11- + K+ + 9 H2O + H+ →
[{Co(H2O)}(m-H2O)2K{Co(H2O)4}(Si2W18O66)]11- + 2
[Co(H2O)6]2+ + WO42-
(3)
[{Co(H2O)}(m-H2O)2K{Co(H2O)4}(Si2W18O66)]11- + 4 WO42-
+ 8 H+ → 2 [Co(H2O)SiW11O39]6- + K+ + 10 H2O (4)
The overall reaction is eqn (5):
4 [{Co4(m-OH)(H2O)3}(Si2W19O70)]11- + 3 K+ + 12 H+ +
50H2O →
3[{Co(H2O)}(m-H2O)2K{Co(H2O)4}(Si2W18O66)]11- + 2
[Co(H2O)SiW11O39]6- + 8 [Co(H2O)6]2+
(5)
Catalytic activity of aged solution of 2
Since 2 decomposes slowly in aqueous solution, the question
arises: is it the actual water oxidation catalyst? In our previous
paper48 we used 2,2¢-bipyridine (bpy) as a poisoning agent to
selectively inhibit the activity of [Co(H2O)6]2+. Addition of bpy
to [Co(H2O)6]2+ results in rapid formation of [Co(bpy)3]2+ which
is catalytically inactive for water oxidation. However, addition
of three equivalents of bpy per cobalt to a freshly prepared
solution of 2 in water results in immediate precipitation. Slow
evaporation of the filtrate in a vessel open to air results in
formation of crystals. Preliminary X-ray studies show that these
crystals contain [Co(H2O)SiW11O39]6- with [Co(bpy)3]2+ as coun-
terion(s). In contrast to complex 1, bpy quickly removes Co
centers from 2, consistent with 2 being significantly less stable
than 1.
We meticulously studied the activity of aged stock solutions of
2 prepared in plain water, comparing with the activity of freshly
prepared solutions of complexes 3 and 4. After 3–4 weeks of aging,
the TON is 20–30% lower than of freshly prepared solutions of 2.
Freshly prepared solutions of complex 3 are ca. 3 times less active
and slower (TOFap ~0.025 s-1) than freshly prepared solutions
2088 | Dalton Trans., 2012, 41, 2084–2090 This journal is © The Royal Society of Chemistry 2012
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of 2. Complex 4 is inactive.48 Therefore, the overall decrease of
catalytic activity of stock solutions of 2 with aging may be caused
by the transformation to 3 and 4. The generation of [Co(H2O)6]2+
during the decomposition in aged stock solutions is also likely to
contribute to the final observed catalytic activity.
Hence, the intact 2 could well be a water oxidation catalyst. This
is indicated by the following findings: (i) the oxidation of water in
the presence of 2 proceeds much faster than in the presence of its
decomposition products (3 and 4); (ii) the overall activity of stock
solutions of 2 decreases very slowly with aging time; (iii) 2 is stable
on the time-scale of the light-driven water oxidation process (~ 30
min).
Under turnover conditions the cobalt(s) centers in 2 are briefly
in a higher oxidation state(s) than 2+. The oxidized form of 2
might both be less stable and decompose faster than 2 (all Co(II)
centres) itself. We cannot assign the catalytic activity to a specific
isomer (2a and 2b).
Conclusions
We have synthesized and characterized a new tetracobalt-
substituted polyoxometalatewhich co-crystallizes as a 1 : 1mixture
of two isomers. While thermodynamically unstable, this POM
is likely to catalyze water oxidation in a light-driven system
with [Ru(bpy)3]2+ and S2O82- as the photosensitizer and sacrificial
electron acceptor, respectively. Several decomposition products
of 2 in solution were isolated and characterized. Their catalytic
activity towards water oxidation is lower than for 2.
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